ABSTRACT Egg exists as a major dietary source of cholesterol in Western diets. In North America, laying hen diets are usually devoid of cholesterol when diets are formulated to exclude animal-based products. Hence, laying hens meet their physiological cholesterol requirement through de novo synthesis. Plant sterols exert a cholesterol-lowering effect in humans by interfering with intestinal sterol absorption. However, it is unknown whether plant sterol supplementation could be effective in reducing intestinal reabsorption of biliary cholesterol in laying hens, thus modulating whole body cholesterol in favor of lower plasma and yolk cholesterol content. The current study was designed to investigate the effect of diets enriched with 0, 0.5, 1, and 2% plant sterols on cholesterol absorption, synthesis, as well as plasma, liver, and egg yolk cholesterol concentrations in laying hens. After 8 wk of plant sterol intervention (first 2 wk were acclimatization), feed intake, BW, egg weight, egg yolk weight, egg production, Haugh units, liver mass, plasma, and hepatic cholesterol concentrations did not differ as a function of plant sterol supplementation. Egg cholesterol concentrations (mg/g) fluctuated during the 6-wk experimental period. At wk 6, a minor reduction in egg yolk cholesterol concentration (mg per g of yolk, P < 0.05, vs. control) was observed in hens fed 1 and 2% cholesterol-enriched diets, respectively. However, such result failed to affect total egg cholesterol content. No statistical difference was observed across treatments over 6 wk. Neither cholesterol absorption rates nor synthesis differed as a function of treatment. Results suggested that overall cholesterol content in egg yolk was not affected by feeding hens plant sterol-enriched diets over 6 wk.
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INTRODUCTION
Cardiovascular disease represents the major cause of death in developed countries. It is well known that a higher circulating cholesterol level is one of the major risk factors for cardiac problems (Ostlund, 2004; Patel and Thompson, 2006) . High cholesterol, particularly low-density lipoprotein (LDL) cholesterol, levels represent major risk factors for coronary heart disease, heart attack, as well as stroke. In terms of factors contributing to hypercholesterolemia, data collected over the last decade suggest a weak linkage between dietary cholesterol and elevated plasma cholesterol; however, in the general population, 15 to 30% of individuals present as hyperresponders to dietary cholesterol (McNamara, 2000; Elkin, 2006) . Despite these data, consumers continue to be wary of one particular food product, eggs, due to their cholesterol content (Sim, 1998; Weggemans et al., 2001) .
The average cholesterol content of eggs ranges from 195 to 230 mg per egg (Beyer and Jensen, 1992; Sim, 1998) and is influenced by factors including hen genetics, diet, and stage of production. Within eggs, cholesterol and its esters are located primarily within the yolk. In recent years, research has focused on strategies designed to reduce the content of cholesterol in egg yolk, to satisfy health-conscious consumers (Elkin et al., 2003; Elkin, 2006) . Supplementing diets of laying hens with copper sulfate pentahydrate led to reductions of plasma and yolk cholesterol contents by 20 and 14%, respectively (al Ankari et al., 1998) . Similarly, garlic paste in the diets of laying hens reduced serum and yolk concentrations (Chowdhury et al., 2002) . The key to identifying feasible strategies for low cholesterol egg production lies in understanding the factors regu-lating cholesterol uptake and metabolism in the hen. Plant sterols are constituents found in vegetable-derived foods that compete with the normal process of absorption of both dietary and bile-recycled cholesterol (Rudkowska et al., 2006) . The consumption of 2 g of plant sterols per day by humans results in a reduction of LDL cholesterol concentrations by approximately 10 to 15%, which may translate to a significant reduction in heart disease risk (Jones et al., 2000; Ostlund, 2002) . Whether the addition of plant sterols to diets of hens would lead to reductions of egg yolk cholesterol, through a reduction in the enterohepatic recirculation of biliary cholesterol, remains to be determined. Weiss et al. (1967) reported that feeding 1% β-sitosterol to laying hens had little effect on plasma and egg sterol concentration, though this intervention appeared to retard the increase of cholesterol in blood and egg yolk. A significant reduction of cholesterol level in egg yolk was also observed by feeding laying hens 2% soy sterols with oil plus 1% cholesterol diet, but there was no apparent reduction of egg cholesterol content when laying hens were fed the cholesterol-free soy sterol-enriched diet (Sim and Bragg, 1978) . More recently, a lack of effect of plant sterols on egg yolk cholesterol content was observed when laying hens were fed cholesterol-free diets containing large amounts of bioavailable soy sterols (Elkin and Lorenz, 2009) .
Based on past research results, it appears that feeding plant sterols may cause cholesterol reductions in laying hens fed cholesterol-enriched diets, but whether plant sterols can lower egg cholesterol contents in laying hens fed cholesterol-free diets has only recently been investigated (Elkin and Lorenz, 2009) and, as such, these findings require confirmation. Therefore, the primary objective of this study was to investigate whether the addition of plant sterols to laying hen diets affects egg cholesterol concentrations through changes in cholesterol absorption and synthesis rates.
MATERIALS AND METHODS

Birds and Diets
Single Comb White Leghorn (Shaver White) egglaying hens (n = 48) were individually housed in cages equipped with individual feeders, water nipple, and perch. Birds were subjected to a 12L:12D cycle and provided with food and water to permit ad libitum consumption during the preexperimental and experimental periods. This experiment used a completely randomized design with 4 treatments. Hens (12 per diet) were systematically randomized to receive 4 treatment diets for 56 d (14 d of acclimatization; 42 d of active intervention). Diets were formulated to meet or exceed nutrient requirements of laying hens consuming 100 g/d (NRC, 1994; Table 1 ). A single basal diet blend consisting of the wheat, soybean meal, vitamins, and minerals was mixed and used in preparing the 4 treatment diets. Individual treatment diets were subsequently prepared by adding appropriate amounts of plant sterols, which had been premixed into the oil component of the diet. Cornstarch was used to compensate for added plant sterols. The plant sterol materials were derived from soybeans (Forbes Medi-Tech Inc., Vancouver, British Columbia, Canada) and contained 73% β-sitosterol, 15% sitostanol, 6% campesterol, 1% campestanol, 1% stigmasterol, and 4% other sterols. Animal care approval was received from the University of Manitoba Animal Care Protocol Review Committee, and birds were managed in accordance with recommendations established by the Canadian Council on Animal Care (1993).
During the 6-wk active sampling period, egg production and food intake were recorded daily and weekly, respectively. At wk 1, 3, and 6, eggs from individual birds of each group were collected for 3 consecutive days and pooled. Pooled egg mass, egg yolk mass, and Haugh units were measured. Yolk samples were stored at −80°C for further analysis. Body weights on the first and last days of the experiment were recorded. Twentyfour hours before study termination, hens received 2 mg of 13 C cholesterol (99 13 C atom %, Cambridge Isotope Laboratories Inc., Andover, MA) mixed in 1 mL of canola oil, by oral gavage, to measure cholesterol absorption. Two hours before euthanization, hens received an i.p. injection of 2 mL of D 2 O (99 D atom %, Cambridge Isotope Laboratories Inc.) to assess cholesterol synthesis rate. Isotope dosage rates were based on calculations derived from previous studies (Jain et al., 2008) . Just before birds were killed, blood samples were collected by cardiac puncture into heparinized tubes. Plasma and red blood cells (RBC) were separated by centrifugation at 1,350 × g for 20 min at 4°C and stored at −80°C for further analysis. After blood withdrawal, birds were killed by cervical dislocation, and livers were removed, weighed, and stored at −80°C.
Plasma, Liver, and Egg Yolk Cholesterol
Plasma total cholesterol, high-density lipoprotein (HDL) cholesterol, and triacylglycerol levels were analyzed by an automated Vitros 350 analyzer (Otho-Clinical Diagnostic, Johnson & Johnson, Rochester, NY). Non-HDL levels were calculated by subtracting HDL from total cholesterol. The sterol fractions of RBC, livers, and egg yolks were saponified with freshly prepared KOH-methanol at 95°C for 2 h and extracted by petroleum ether and then dried under nitrogen gas. The sterol fractions were resolved in chloroform and loaded on Agilent 6890N gas chromatography (GC) fitted with a flame ionization detector and a SAC-5 capillary column (30 m × 0.25 mm × 0.25 μm, Supelco, Bellefonte, CA) using methods developed previously (Jones et al., 2000) .
Cholesterol Absorption and Biosynthesis
Cholesterol extracted from RBC was used to determine 13 C cholesterol enrichment, an indicator of cholesterol absorption (Jones et al., 2000) . To measure the 13 C enrichments, the extracted sterol samples were redissolved in hexane and analyzed via online GCcombustion-isotope ratio mass spectrometry (IRMS) equipped with an Agilent 6890N GC and a Finnigan Delta V Plus IRMS (Bremen, Germany) through a Finnigan combustion interface (Combustion Interface III, Bremen, Germany). A SAC-5 capillary column (30 m × 0.25 mm × 0.25 μm, Supelco) was used in sterol separation. The obtained isotope ratios of 13 CO 2 :
12 CO 2 from the cholesterol peak were expressed as δ per mil. Delta values were further expressed relative to the international reference standard, Pee Dee Belemnite limestone. Cholesterol absorption rates of the control group birds were set to 100% and compared with the plant sterol-treated birds by calculating the area under the curve between control and plant sterol-treated groups.
To measure deuterium enrichments, sterol samples were analyzed via the same column indicated above, attached to an online GC-pyrolysis-IRMS. Isotope ratios of deuterium-enriched hydrogen:H 2 of cholesterol peak were expressed in δ per mil, relative to Vienna standard mean ocean water. The D enrichments were measured both in plasma water and RBC cholesterol. Values of cholesterol fractional synthesis rates (FSR) were derived using the following equation (Jones et al., 2000) : 
Statistical Analysis
Data from different groups were analyzed by 1-way ANOVA for overall significance and Tukey's test for post hoc analysis using SAS 9.1 (Cary, NC). All null hypotheses were rejected at P < 0.05.
RESULTS AND DISCUSSION
Data for feed intake and egg and yolk weights over the 6-wk experimental period are presented in Table  2 . None of the parameters were affected by the level of plant sterols in the diet at any of the time points tested. Additionally, no differences were noted in BW values or rates of egg production across the dietary intervention (data not shown).
Data for liver weights and hepatic cholesterol contents are presented in Table 3 . The addition of plant sterols to a wheat-based laying hen diet did not significantly affect liver weight or hepatic cholesterol contents (P > 0.05). Total cholesterol contents of eggs were not different at any time point during plant sterol intervention (Table 4) ; minor reductions of cholesterol concentrations in egg yolk were observed in groups fed 1 and 2% of plant sterol-enriched diets (P < 0.05, vs. control).
Cholesterol FSR values, as assessed by measuring the rate of D incorporation from D 2 O into newly synthesized cholesterol, are given in Figure 1 . No significant differences were observed in cholesterol synthesis in response to PS intake. The enrichment of 13 C in cholesterol, a measure of cholesterol absorption, is presented in Figure 2 . There was no significant difference observed in cholesterol absorption rates across different groups, although plant sterol-driven suppression of absorption was noted (P = 0.0776). Cholesterol absorption rates for the treatment groups consuming 0.5, 1, and 2% plant sterols were 79.1, 64.2, and 65.6% of control values, respectively (data not shown).
The current study was designed to determine whether the supplementation of laying hen diets with different dietary levels of plant sterols would lead to a reduction in egg cholesterol contents, through perturbation of cholesterol metabolism. Results suggested that overall cholesterol content in egg yolk was not affected by feeding hens plant sterol-enriched diets over 6 wk. The novelty of the current data set lies in the use of kinetic measures of cholesterol metabolism (Jones et al., 2000; Wang et al., 2004) to ascertain the physiological mechanisms leading to altered lipid metabolism.
The mechanism of action of plant sterols in humans and rodents involves decreasing the solubility of free cholesterol derived from both diet and that recycled in bile, thus competitively restricting the formation of micelles (Ostlund, 2002; Tikkanen, 2005) . Studies in both humans (Vanhanen and Miettinen, 1992; Jones et al., 2000; Vanstone et al., 2002) and animals have shown that consumption of plant sterols (Sugano et al., 1976; Ling and Jones, 1995; Vanstone et al., 2001) substantially reduces circulating LDL cholesterol levels. From the standpoint of commercialization, these substantial reductions in cholesterol have led to the development and marketing of a wide range of functional foods and spreads containing plant sterols and stanols. However, the potential cholesterol-lowering action of plant sterols in avian species has not been thoroughly described. Cholesterol balance in egg-laying hens differs greatly from that in omnivorous mammals. Under current commercial conditions in North America, diets of laying hens contain only minor amounts of products of animal origin; therefore, exogenous cholesterol supply is limited. Hens usually meet their body needs for cholesterol entirely by de novo synthesis (Naber, 1983) . Previous research has demonstrated that feeding plant sterols can reduce cholesterol absorption in the chicken (Konlande and Fisher, 1969) . However, the question of whether plant sterols can effectively lower egg cholesterol contents in eggs of hens fed cholesterol-free diets has only recently been addressed (Elkin and Lorenz, 2009 ). Current results suggest that total cholesterol contents were not affected by plant sterol consumption, despite minor reductions in egg yolk cholesterol concentration. Taken together with previous studies, results from the current work also suggest that dietary supplementation of plant sterols exerts a limited effect, if any, on egg yolk cholesterol content. Additionally, plasma cholesterol concentrations were not significantly affected by addition of dietary sterol (data not shown). However, because egg yolk and plasma cholesterol concentrations reflect a static measure of cholesterol metabolism in response to dietary sterol supplementation, a more comprehensive understanding of cholesterol metabolism in the laying hen can be secured through kinetic measures derived from isotopic tracer studies. 97.9 ± 2.8 101.8 ± 2.5 100.3 ± 2.4 98.5 ± 2.0 102.7 ± 1.7 88.4 ± 2.9 98.9 ± 1.9 0.5% PS 2 100.1 ± 2.6 98.3 ± 3.7 101.3 ± 2.3 100.7 ± 1.9 102.1 ± 2.5 98.4 ± 3.7 100.3 ± 2.3 1% PS 2 98.7 ± 2.6 104.1 ± 3.5 105.7 ± 3.9 101.7 ± 3.4 104.5 ± 2.3 101.6 ± 3.1 103.1 ± 2.9 2% PS 2 98.4 ± 3.3 105.6 ± 3.5 104.1 ± 3.5 100.6 ± 2.1 101.3 ± 2.1 101.2 ± 3.2 102.0 ± 2.5 Egg weight (g) 0% PS
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16.1 ± 0. Cholesterol absorption and synthesis were measured by a dual-isotope model. Both cholesterol absorption and synthesis remained unchanged in hens consuming plant sterols, although over the 6-wk treatment, a trend toward a plant sterol-driven suppression of cholesterol absorption was noted (P = 0.0776). Results indicated that the net balance of cholesterol homeostasis is relatively stable and resistant to plant sterol supplementation alone. The present study provides evidence that plant sterols are capable of modulating cholesterol levels in egg yolk during the 6-wk treatment to a relatively small degree. Because cholesterol content is affected by other factors, including hen strain and age, further research is warranted to examine the potential factors capable of reducing egg cholesterol content, including the use of plant sterols.
Plant sterols did not produce any alterations in plasma lipoproteins (data not shown) or hepatic cholesterol concentrations of laying hens. The present results also reveal that there was virtually no transfer of dietary campesterol, β-sitosterol, and stigmasterol into egg yolk (data not shown), which was consistent with the observation by Elkin and Lorenz (2009) . In their report, approximately 1 mg of campesterol/yolk was detected via the methods employed to analyze the diets for phytosterol content.
During the past 4 decades, research directed at regulation of egg cholesterol content has focused on genetic selection or the alteration of the diet of laying hens (Elkin et al., 2003; Elkin, 2006) . Studies have shown that, on average, reductions of approximately 10% in cholesterol content could be achieved through the use of single interventions. This level of cholesterol reduction is not normally considered significant from a practical standpoint. Elkin (2006) has underpinned 2 factors that might be responsible for such a refractory response in egg cholesterol. One factor relates to the relative resistance of yolk cholesterol content to ma- Figure 1 . Cholesterol synthesis rate in laying hens fed diets enriched with 0, 0.5, 1, and 2% of plant sterols (n = 8 to 10). Values were expressed relative to that of control, and differences <0.05 were considered significant. FSR = fractional synthesis rates. Plant sterols: 73% β-sitosterol, 15% sitotanol, 6% campesterol, 1% campestanol, 1% stigmasterol, and 4% other sterols (Forbes Medi-Tech Inc., Vancouver, British Columbia, Canada). 
13
C enrichment rate in laying hens fed diets enriched with 0, 0.5, 1, and 2% of plant sterols (n = 9 to 12). Values were expressed relative to that of control, and differences <0.05 were considered significant. Plant sterols: 73% β-sitosterol, 15% sitotanol, 6% campesterol, 1% campestanol, 1% stigmasterol, and 4% other sterols (Forbes Medi-Tech Inc., Vancouver, British Columbia, Canada). 12.2 ± 0.4 10.4 ± 0.3 11.0 ± 0.3 0.5% PS 12.9 ± 0.5 10.8 ± 0.3 10.8 ± 0.2 1% PS 11.5 ± 0.2 10.8 ± 0.3 10.2 ± 0.3* 2% PS 12.1 ± 0.4 11.3 ± 0.3 10.5 ± 0.3* Cholesterol concentration in whole egg (mg/g) 0% PS
3.2 ± 0.1 2.7 ± 0.1 3.0 ± 0.1 0.5% PS 3.4 ± 0.1 2.8 ± 0.1 2.8 ± 0.1 1% PS 3.1 ± 0.1 2.9 ± 0.1 2.8 ± 0.1 2% PS 3.3 ± 0.1 3.0 ± 0.1 2.9 ± 0.1 nipulation by genetic selection; the other factor relates to the availability of suitable supplements or pharmacological agents that could substantially reduce hepatic cholesterol biosynthesis and other metabolic pathways without causing a safety concern (Elkin, 2006) . If further reductions in egg cholesterol content are desired, the use of combinatorial approaches to address multiple control points of cholesterol trafficking may be warranted, provided they permit an acceptable level of egg production to be achieved.
In conclusion, results from the current study confirm the notion that hens satisfy their cholesterol needs mainly from de novo cholesterol synthesis and that adjustment of dietary or recycled cholesterol can modify egg cholesterol at best only to a moderate degree. In this trial, the feeding of plant sterols caused no change in total yolk cholesterol content but led to a minor reduction in egg yolk cholesterol concentration expressed as milligrams per gram of yolk when laying hens were fed a higher dosage of dietary plant sterols. However, the commercial applicability of such dietary approaches requires further investigation.
